In an ageing world population, increasing the lifetime of orthopedic devices is of vital importance for reducing surgical risks for patients and reducing medical costs. Ceramic materials are gaining interest because of their hardness and chemical inertia with respect to metal prosthesis. Wear of the prosthetic couple (femoral head and cup) is one of the main rationales for using ceramic hip implants, because they induce much lower wear debris. The present study investigates the combined effects of shocks due to microseparation and hydrothermal ageing on the wear of Zirconia Toughened Alumina (ZTA) bearings, which have been under strong development these past ten years. Wear stripe patterns are formed on femoral heads tested on a shock device. 3D profilometry is used to evaluate the volume of worn material released from the head that averages at 0.46mm 3 /year during simulation mimicking about 15 years of ageing. This volume is larger than formerly estimated with hip walking simulators with microseparation, an effect that we tentatively attribute to a larger force (9000 N) applied here than on hip simulators where the force was not specified. The present experiment should allow refining the effect of force on the wear of ceramic femoral head, hence to simulate different patient conditions (weight, activity, accidents,...). Micro Raman spectroscopy reveals significant zirconia phase transformation within wear stripes. ZTA components show minor phase transformation during hydrothermal degradation in an autoclave when compared to changes induced by shocks. Finally, five clinically retrieved bearings are characterized for in vivo comparison, and also reveal phase transformation within wear track areas. The association of phase transformation enhancement with wear areas on in vivo samples indicates that wear is induced by shocks, rather than by hydrothermal ageing. Shock simulations are therefore essential for in vitro experimentation aiming at reproducing wear of ceramic implants and in vivo environment. On a material's point of view, it is shown that the ZTA ceramics can exhibit a beneficial phase transformation under stress, which may limit wear stripes, without suffering from significant ageing.
Introduction
Increasing hip implant lifetime is a challenge for limiting surgery in an ageing world population, health risks for patients and costs for health agencies. For this purpose, it is necessary to improve the resistance of hip joint components (femoral head and cup) to corrosion, wear and failure. Corrosion is a concern with metal hip implants that can be circumvented by the use of bio-inert ceramic materials that were introduced in total hip arthroplasty in the 1970's [1] . The higher resistance of Ceramic-on-Ceramic (CoC) bearings to wear degradation compared to more commonly employed Metal-on-Polymer (MoP) or Metal-on-Metal (MoM) ones was demonstrated by in vitro experiments on hip walking simulators [2] and by clinical evidence [3] . First ceramic implants were prone to failure, a problem that was solved by improving material properties, manufacturing and component design [3] .
Alumina and zirconia have been employed in orthopedics under various bearing configurations. Nowadays, a composite based on an alumina matrix and containing zirconia grains (mostly between 5%vol. and 30%vol.) and other additives, known as Zirconia Toughened Alumina (ZTA), is used [4] . Wear of ceramics, even if much lower than with other bearings, remains a concern because it releases debris leading to osteolysis and aseptic loosening. The tribological properties of such materials must be improved in order to increase the typical implant lifetime from about 10-15 years to ideally up to 40 years. Finally, hydrothermal alteration of zirconia based ceramics in contact with body fluid [5] , although less severe than chemical degradation of metals, must be taken into account over such long periods.
Because clinical tests take decades, it is desirable to build experimental and theoretical models of ceramic wear in hip implants. Currently, hip walking simulators are the most commonly used devices to investigate the wear resistance of hip implants. Friction occurring during walking is reproduced according to the 14242-1 ISO standard [6] which gives details of the usual hip movements such as abduction/adduction, external/internal rotations and flexion/extension. Besides wear caused by friction, hard-on-hard bearings such as CoC or MoM are sensitive to shock degradation. Dennis et al. [7] demonstrated through in vivo video fluoroscopy of implanted hip joints the periodic occurrence of a small separation between the femoral head and cup. This phenomenon, called microseparation, generates shocks that are not reproduced by standard gait cycles on hip walking simulator. Modified hip walking simulators including microseparation conditions have been developed to take into consideration this phenomenon [8] .
Better modeling of hip implant wear requires investigating the effects of shock in order to reproduce the behavior in patients of various body mass index and activity. Current experimental setups do not allow varying independently friction and shock intensity. A shock machine was thus developed to subject prosthetic components to controlled and imposed load force and microseparation value [9] . Wear stripe patterns similar to the ones clinically observed were reproduced on ceramic components and wear rates were compared to the literature [10] . Highest stresses on both femoral head and cup were located and quantified through a finite element modeling simulation [11] and allowed a better understanding of the mechanism of wear stripe patterns formation.
We used this procedure to systematically investigate the long-term effects of shocks due to microseparation. Both shock and hydrothermal alteration may contribute to wear and to a phase transition from tetragonal to monoclinic in zirconia [12] . We studied the combined effects of shock and hydrothermal ageing by alternatively submitting implants to shock and alteration cycles. We produced in vitro simulated explants having undergone up to 1.5 millions shocks and hydrothermal alteration corresponding to about 15 years of human activity. Wear is quantified using 3D profilometry and phase transformation is characterized with Raman spectroscopy. Results are used to discuss the relative influence of shock, hydrothermal alteration and friction on wear of ceramic hip implants. Clinically retrieved implants were also analyzed with a view to investigating correlations between in vitro and in vivo behavior and further adjusting in vitro testing procedures.
Materials and Methods

Test specimens
Several prosthetic couples (36mm diameter femoral heads and the corresponding cups) were provided by CeramTec AG (Plochingen, Germany) to be tested. They are made of zirconia toughened alumina (ZTA), consisting mainly of an alumina matrix containing zirconia grains.
In parallel retrieved implants were analyzed for comparison with in vivo wear. They consist of four ZTA articulating components (cases #1 to #4) and one set of yttria stabilized zirconia bearings (case #5). Table 1 summarizes material and design characteristics of the bearing components and their respective wear conditions. The retrieved implants were macroscopically examined for first approximation determination of worn and unworn areas before performing detailed surface characterization.
Case
Head type 
Shock machine device
A shock device has been specifically designed to test the bearing components of a hip prosthesis under controlled microseparation conditions [9] . The femoral head and cup assembly was inclined at 45° corresponding to average anatomical conditions. In previous studies on the same device [10] , [11] , [13] implants were fixed with cement, which resulted in problems due to compaction. Here, the cup was screwed on the holding support, and the head was mounted onto a cone composed of Ti-6Al-4V alloy in order to control and repeat more accurately the fixation of both components.
The tests were conducted in a fetal bovine serum solution (BioWest ® ) diluted in water (protein concentration of 30g/L) and replaced weekly with fresh lubricant to avoid protein degradation [6] . The temperature of the solution was monitored, and deviated from in vivo 37°C as a consequence of the device heating by an average of +5°C. However the temperature was strictly maintained well below 50°C, above which severe degradation and/or coagulation of proteins occurs in bovine serum.
The ceramic bearings were subjected to shocks under a typical load-profile illustrated in Figure  1 . A microseparation of 1.3mm (i.e. 1mm along the vertical axis) was imposed between the head and the cup. Each prosthetic couple was submitted to 1.5M shocks at a frequency of 1.2Hz. The frequency has been controlled according to the test duration. Shocks consisted of applying a maximum load of 9000N between the two components as a result of the head displacement in the vertical direction. This displacement had to be adjusted during the testing procedure in order to overcome the fatigue of the hydraulic system. The width of the peaks, i.e. the duration of the shocks, reached about 30ms and it was followed by a damping stage. This latter is due to the movement of the cup in the horizontal direction and illustrates the elastic response (compliance) of the device supporting the cup after impact. Additional peaks at low mechanical load (less than 100 daN) may appear as a consequence of the elastic rebound of the machine: they were not taken into account as shocks, since they occur at much lower loads than the major peak load.
The load applied here (9000N) means approximately 600%BW (body weight) for a patient who weights 150kg and may occur when climbing stairs rapidly. Contact forces between the head and cup had been measured on instrumented implants and reached 150 to 480%BW depending on the walking speed; it was also considered that this force may be 20% higher when climbing stairs than during normal walking [13] . The worst case of degradation by shocks is here under study. 
Hydrothermal ageing tests
The prosthetic components were submitted to artificial ageing tests according to the ISO standard 13356 procedure for ceramic implants based on yttria stabilized zirconia (3Y-TZP) [14] . Both heads and cups were placed in an autoclave (Micro 8, 4001745, autoclave MED8, JP Selecta S.A) in water steam at 134°C and 2bars. One hour of artificial ageing represents roughly 2-4 years of in vivo hydrothermal ageing [5] .
Conditions of tests
This study seeks to reproduce at best the in vivo environment by combining the shock and hydrothermal degradation mechanisms. The mechanical stresses applied on the shock machine are roughly those induced by walking up and down stairs. As a consequence, it is estimated that 100,000 shocks performed in vitro simulate one year of human activity, i.e. walking up and down fifteen stairs eighteen times every day. In parallel, one year of in vivo hydrothermal degradation is simulated by one hour of accelerated ageing in an autoclave. The notion of simulated in vivo time is introduced in correlation with in vitro testing time according to these estimations.
Various combinations of in vitro tests were performed in this study ( Table 2) . Two bearings (cases #a and #b) underwent only shocks under severe conditions (9000 N) and a third one (case #c) was alternatively subjected to hydrothermal ageing in an autoclave for 0.5 hour every 50,000 shocks. In parallel, two additional femoral heads were submitted only to in vitro hydrothermal degradation. One of them (case #d) was periodically aged for small time increments (2.5 hours during the first 15 hours). The second one (case #e) was directly submitted to many successive hours in the autoclave in order to investigate a potential effect of the number of cumulative ageing steps. At the end of the tests, both cases experienced a total of 110 hours in the autoclave.
Case
Number of shocks (M) Hydrothermal ageing (hour) #a
1.5 0 #b 1.5 0 #c 1.5 15 #d 0 110 #e 0 110 Table 2 : Summary of the in vitro tests performed on ZTA prosthetic components. Shocks are performed at 9000N on the shock device and hydrothermal ageing in an autoclave is performed at 134°C and 2bars in water steam.
A surface characterization was carried out regularly with non-destructive techniques. The wear volume was estimated by 3D profilometry every 250,000 shocks and micro Raman spectroscopy was employed to assess the zirconia phase transformation.
Protocol for measuring the wear volume
A new method based on 3D profilometry (Bruker nanoscope TM , ex. Veeco, Wyko NT 9100) and data analysis on Matlab ® was developed for measuring the wear volume resulting from the creation of wear stripe patterns on the ceramic femoral heads. Gravimetric methods were avoided here because weight loss is limited on ceramic bearings and the measured loss often arises from the mechanical release of other material than the femoral head, such as the metallic support or cone. 3D profilometry is a non-destructive technique that measures the surface topography using white-light interferometry. The acquisition of interferometric images and the comparison with the unworn femoral head spherical profile are the main stages of this method. The depth and width of the wear stripes could vary along their length and be significantly different depending on the test conditions. In order to take into consideration the wear stripe heterogeneity, several images of the whole stripe width were taken all around the femoral head. Typically one image every 15 degrees, i.e. a total of 24 images per head, was taken by rotation on a custom-made holder ( Figure 2 ). From these images, the wear areas were calculated by collecting 2D profiles by using the profilometer software (Vision 4.20 2002-2008 Veeco Instruments, Inc).
On the collected 2D stripe profiles, a tilt removal was applied but no filter was employed to correct the spherical shape of the femoral head since this latter is required for the interpolation. For each image, i.e. each location, three profiles were exported in Matlab ® in order to obtain one mean smoothed profile from which the wear area was calculated. The sphere center and radius of the unworn femoral head were calculated by a least squared fitting procedure [15] using the profile points outside of the wear stripe. The wear area was calculated by subtraction between unworn profile and the measured profile. For each location, the wear volume was obtained by multiplying the wear area by the part of the stripe length considered. Finally, the total wear volume was calculated by summing up all the local wear volumes. 
Analysis of the zirconia phase transformation
The zirconia phase transformation was measured by micro Raman spectroscopy (Horiba Jobin Yvon HR800, laser λ=514.5nm) on the femoral head surfaces. The laser power was set at ~50mW and the spectrum integration time was usually 12s repeated 3 times for averaging. By varying the integration time, it was confirmed that the laser irradiation and sample heating did not occur or disturb the phase composition. The samples were positioned on a monitoring platform whose movements in x and y directions are computer-controlled.
Four characteristics peaks are used to distinguish zirconia polymorphs. Their intensities are related to the monoclinic volume fraction, V m , according to Clarke and Adar formula [16] : where Im and It represent the intensities of the monoclinic and tetragonal phase peaks, respectively, with the related wave numbers in superscript ( Figure 3 ). Raman spectra were exported in Matlab ® and the baseline was corrected using a function developed by Mazet et al. [17] . A potential increase of the monoclinic content due to mechanical or hydrothermal stresses was investigated on the femoral head surfaces. For a better statistical analysis, at least 10 measurements were carried out to average the monoclinic content within the wear stripes. Outside of them, i.e. on unworn surface, the phase transformation was assessed at the pole and at latitudes 45°, 90° and 105° (four measurements at each latitude and uniformly distributed by a rotation of the femoral head) ( Figure 4 ). A specific femoral head holder has been developed in order to repeat the same positioning, i.e. latitude and angle of rotation of a femoral head, between each step of a whole test (every 250,000 shocks). 
Analysis of the surface roughness
The femoral heads surface roughness was obtained by 3D profilometry at the same locations as in the micro Raman spectroscopy analysis ( Figure 4) . A filter was applied by using the profilometer software in order to remove the spherical shape of the head. The roughness parameter S a was evaluated on each acquired image. It is the arithmetic average of the 3D surface roughness and represents an overall measurement of the texture comprising the surface. It is calculated from the absolute values of height, Z(x,y), measured in the analyzed area, A:
Results
Surface morphology and wear stripes
The femoral heads and cups submitted to a severe-shock degradation at 9000N (cases #a to #c) exhibit wear degradation but no fracture. Two wear stripes were observed on each head, with corresponding worn areas on the rim of the cups. The main stripe (upper one) is a direct consequence of shocks between the two components and the second one (lower one) is due to rebounds following the main shock [10] . At the end of the test, i.e. after 1.5M shocks or 15 simulated in vivo years, the upper stripes width ranged between 3.5 and 5.4mm and averaged 4.5mm ( Figure 5 ). The lower stripes were significantly narrower and ranged between 0.8 and 3.3mm (average is 2.8mm). The analysis of 3D images revealed an increase of surface roughness within the worn areas, in particular to due pitting. Scattered values of S a parameter ranged between 30nm and several hundred of nm. In contrast, S a remained at a nearly constant value close to 12nm outside of stripes ( Figure 6 ). The filtering process generated to remove the spherical shape of the heads led to the observation of artifacts on the images that are associated with waviness created by the interferences fringes. In order to not remove any topographic features measured on the surfaces, we did not modify the images. However we confirmed that the artifacts do not affect the relative evolution of S a , in particular for the smoother unworn areas. 
Wear quantification and characterization
The formation of the wear stripe patterns under shock condition results in an important wear volume and wear debris release. Systematic collection of wear debris from a synovial solution is impractical and cannot be used to directly assess the wear quantification. An isolated debris was observed by scanning electron microscopy (MEB FEG ZEISS SUPRA 55 VP) ( Figure 7) . The brightest grains are zirconia and the darkest ones are alumina. The main observation is the dominance of inter-granular fracture, which is thought to dominate wear debris formation. The wear volumes were quantified by 3D profilometry and reached several mm 3 after 1.5M shocks or 15 simulated in vivo years. Three bearings were tested in vitro under the same mechanical conditions (Table 2) . For each test, the wear volume was calculated every 250,000 shocks with an estimated relative uncertainty of 10%. From the observation of the three wear volume trends (Figure 8 ) two distinct phases were determined according to the testing time. An initial phase was defined up to 500,000 shocks, i.e. 5 simulated in vivo years. It corresponded to the highest wear volumes and stripes width increase. From 500,000 shocks to the end of the tests, a nearly steady phase was observed with little wear volumes and stripes width evolution.
It is worth noting that identified experimental accidents occurred during long-term experiments on cases #a and #b. Case #a suffered from the rupture of a metallic part of the shock machine between 0.25 and 0.5M shocks and leading to a momentary lower shock absorption. The hydraulic pressure of the device temporarily experienced a fluctuation at the beginning of the test on the case #b, which led to the release of localized large grain aggregates (several hundred µm). We suspect micro-cracks being created around those localized areas to be at the origin of a high wear volume release carrying on up to the end of the test. For the three ZTA bearings tested on the shock machine, the average volumetric-wear rate was calculated for each distinct phase (Figure 9 ). During the initial phase, the wear rate reached 0.97mm 3 /year while it lowered to 0.22mm 3 /year during the late phase. The overall wear rate averaged to 0.46mm 3 /year. A high dispersion was observed among the three tests (in particular during the initial phase) and was attributed to the experimental accidents occurring on cases #a and #b. Figure 9 : Average volumetric-wear rate calculated for each distinct phase for the three ZTA bearings tested on the shock device at 9000N (cases #a to #c).
Zirconia phase transformation
Long-term hydrothermal degradation in an autoclave was performed on two distinct ZTA femoral heads that were not submitted to shock degradation. One of the femoral head was tested for small time increments (case #d) while the other was tested only at long durations (case #e). A slight increase of the monoclinic content was measured by micro Raman spectroscopy on both ZTA femoral heads ( Figure 10 ). No significant difference was observed between the two test conditions. This suggests that the number of cumulative ageing steps has no effect on the hydrothermal degradation of such components. More important, it is to note that the evolution of monoclinic content in both cases was very low, with less than 5% variation after 10 hours and less than 10% after 100 hours. The zirconia phase transformation was also quantified on the two femoral heads submitted only to shock degradation, cases #a and #b ( Figure 11 ). There was no detectable significant phase transformation outside of the wear stripes (i.e. unworn areas) where the monoclinic content, V m , averaged to 12%. On the other hand, V m increased within the wear stripes from the first cycles of shocks. The averaged values of V m held between 40 and 45% for the whole testing time.
Compared to the evolution of the wear volume, no distinct evolution phases were observed and no tendency (increase or decrease) was detected with increasing the number of shocks. This indicates that the increase of V m within the wear stripes reached quickly a limit, which we interpret as a maximum transformation before grains detached from the surface to form wear debris.
Figure 11: Evolution of the monoclinic content (V m ) as a function of the number of shocks. Averaged values obtained on worn (i.e. within the wear stripes) and unworn areas of the two ZTA bearings tested only on the shock machine at 9000N (cases #a and #b).
The evolution of the monoclinic content was assessed regularly along the stripe width ( Figure  12 ). The corresponding stripe depth profile was obtained by 3D profilometry. V m ranged between 40 and 60% within the stripe and decreased steeply at the edges of the worn areas. This indicates that significant phase transformation occurred strictly within the wear stripes associated with shocks. Figure 12 : Evolution of the monoclinic content measured along the stripe width by micro Raman spectroscopy and the corresponding stripe depth profile obtained from 3D profilometry. The increase of the monoclinic content was spatially well limited within the stripe, i.e. worn areas.
Finally one prosthetic couple (case #c) was alternatively subjected to shock and hydrothermal degradation in order to detect a potential combined effect of these two degradation mechanisms. Every 50,000 shocks, both the femoral head and cup were altered for 0.5 hours in an autoclave. No significant increase of the monoclinic content was detected outside of the stripes. Limit values of V m reaching between 40% and 50% were measured within the worn areas. No difference was observed compared to cases #a and #b (Figure 11 ), which were submitted only to shocks.
Characterization of retrieved implants
Four ZTA and one yttria stabilized zirconia clinically retrieved implants were studied for comparing the in vivo and in vitro behaviors. Femoral head surfaces display wear areas that can be identified by optical inspection due to lower reflectivity and higher roughness than unworn areas ( Figure 13 ). Their shapes are more diffuse than the regular upper and lower stripes observed on the shocked femoral heads, indicating that the shock area is more dispersed in vivo than in the geometrically constrained experiment. Elliptical wear areas on retrieved implants are sometimes observed, and are reminiscent of the elongated wear areas obtained in the experiments. Micro Raman spectroscopy and 3D profilometry were employed to investigate the evolution of the monoclinic content and the roughness parameter S a on the retrieved explant surfaces. Both parameters were measured on the as-defined worn and unworn regions ( Figure 14 ). The five retrieved heads showed significantly higher values of V m and S a within the worn areas than outside of them. Since the initial implant surface finishing and monoclinic content are unknown, the absolute V m and S a values are not reliable indicators of wear. The main observation is that the relative difference of V m between worn and unworn zones was relatively similar for the five retrieved implants. An average difference of 21±2.5% was measured. On the other hand, the difference in roughness values were scattered among the five components. 
Discussion
Wear quantification and mechanisms
Three ZTA femoral heads and cups have been subjected to extreme shock degradation at 9000N on a device specifically designed to reproduce microseparation conditions. The components were submitted to 1.5M shocks, i.e. 15 simulated in vivo years. Shocks led to the formation of wear stripes on the femoral head surfaces. The surface roughness increased within those areas and remained constant outside of them. This suggests that the sliding phase, which may occur when the components return to their initial position after shock, does not induce wear and is negligible. The SEM observation (Figure 7) of an isolated wear debris revealed mainly inter-granular fracture on ZTA components. This indicates that grain agglomerates have been literally pulled-out during the shock degradation.
Wear was quantified by 3D profilometry and two distinct wear phases were defined. During the first one, both the stripes width and wear volume increased considerably (Figure 8) . A slight increase was then noticed up to the end of the test. Some heterogeneity was observed among the three prosthetic couples tested under the same loading conditions and was attributed to experimental accidents occurring during the initial phase. It is worth noting that despite those phenomena, the wear volume trends (occurrence of two distinct phases) and the wear mechanisms (surface roughness increase within the wear stripes) were repeatable among the three long-term experiments.
Hip walking simulators are commonly employed to test and predict the hip implants wear performance. Under standard conditions, extremely low volumetric-wear rates characterize Ceramic-on-Ceramic bearings [2] . The microseparation was introduced in hip walking simulator tests in order to better model in vivo effects of both friction and shocks on the femoral heads and cups [8] , [18] - [20] . With these improved simulators, the characteristic in vivo damage, e. g. the wear stripe patterns and main wear zones observed on clinically retrieved ceramic implants [21] - [23] , was experimentally reproduced. As a consequence, the volumetric-wear rates measured experimentally increased significantly [24] .
Stewart et al. [20] and Clarke et al. [19] respectively reported volumetric-wear rates of 0.16 and 0.2mm 3 /year on ZTA components subjected to hip walking simulators including microseparation. They both observed the occurrence of distinct phases on the wear volume trends. Al-Hajjar et al. [18] reached 0.14mm 3 /year. In this study that focused on the shock device, the wear rate averaged 0.46 mm 3 /year (Figure 9 ). This suggests that the contact force applied here between the two prosthetic components during the shocks (9000N) must be significantly higher than the ones applied on hip walking simulators in the previous studies and that are not specified in the literature. Here, severe load conditions were chosen in order to test the wear performance and fracture probability of ZTA prosthetic components in the worst case of shocks. It is worth noting that similar wear stripe patterns were observed on the components tested on hip walking simulators with microseparation and on the shock machine. This suggests that shocks induce the main wear degradation and that standard friction effects occurring on usual hip walking simulators are negligible.
Influence of shocks and wear on the zirconia phase transformation
The zirconia phase transformation from a tetragonal to a monoclinic phase is enhanced by mechanical and chemical stresses. In this study, we evaluated the monoclinic content, V m , on the femoral heads subjected to the shock degradation. A significant increase of V m (from 10 to 45%) was measured within the wear stripe patterns, which were created by the shocks. No phase transformation was detected outside of them. This indicates that the phase transformation is enhanced by the mechanical stresses induced by shocks.
The increase of V m within the stripes reached quickly a plateau during the first cycles of shocks.
Since the stripes width and depth kept increasing during the whole testing time, it suggests that the transformation and wear of zirconia layers on the surface occur at similar rates to produce the observed steady state behavior. The evolution of V m along a stripe width ( Figure 12 ) revealed also the occurrence of a spatial plateau for the phase transformation.
In order to explore the potential combined effects of shocks and hydrothermal ageing on ZTA implants, different in vitro tests have been performed and compared: tests on the shock machine device only, artificial hydrothermal ageing only and a combination of both testing methods ( Table  2 ). The ZTA composites showed little phase transformation by hydrothermal ageing (Figure 10) when compared to the transformation increase caused by the mechanical stresses applied during the shocks within the wear stripes. The combination of hydrothermal ageing and shocks had no additional effect on the wear degradation and the phase transformation of prosthetic components. Shocks dominate hydrothermal ageing effects on the ZTA hip implants degradation.
Little is known in the literature on the potential relations between the zirconia phase transformation and microseparation, i.e. the shock degradation. Al-Hajjar et al. [18] did not report any significant increase of V m within the wear patterns formed on ZTA heads surface tested on a hip walking simulator including microseparation. On the other hand, Clarke et al. [19] revealed a phase transformation on alumina-zirconia composite bearings. Initially close to 14%, V m reached a limit value of 30% within the wear zones. In particular, the increase of V m was faster within the stripe zones, i.e. the zones the most prone to shocks, than on the other main wear areas.
Some comparisons between Clarke's study [19] and the present study can be made. The hypothesis of higher contact forces involved on the shock device than the ones applied on hip walking simulators with microseparation must be confirmed. This could explain the higher amount of the zirconia phase transformation detected within the wear regions in this study (40%) than in reference [19] (30%). The mechanisms of wear stripe formation may be similar since both studies highlighted the presence of a limit level of the monoclinic content increase. Finally, the weak contribution of the friction effects on the shock device must explain the lack of phase transformation outside of the wear stripes in this study.
In terms of resistance of ceramic materials to the formation and propagation of wear stripes generated by shocks, it is important to notice that the above-mentioned stress-assisted transformation is beneficial to decrease the depth and volume of wear stripes when compared to non-transformable ceramics such as alumina. In previous works, indeed, alumina femoral heads exhibited higher wear volume release than ZTA ones tested under the same conditions [10] . It is also important to note here that none of the ZTA femoral heads broke despite the extreme conditions of shocks imposed during the tests (9000N). Toughening mechanisms associated to the phase transformation are supposed to prevent the propagation of cracks, potentially created by shocks and that may be at the origin of grains pulled-out within the wear areas.
Comparison between in vivo and in vitro
This study sought to reproduce experimentally at best the in vivo degradation by focusing on shocks and hydrothermal ageing. The wear degradation and zirconia phase transformation are found to be mainly enhanced by shocks in vitro. Five retrieved femoral heads (four ZTA and one yttria stabilized zirconia bearings, Table 1 ) were characterized for comparison. Optical inspection of the retrieved head surfaces revealed wider wear tracks, some of which similar in shape (i.e. elliptical shape, Figure13) to the ones created in vitro. The surface roughness parameter S a ranged between 25 and 65nm within in vivo worn areas. It reached up to several hundreds of nm within in vitro wear stripes. The in vivo wear tracks were broader and shallower than the in vitro ones. The mechanical stresses must be more distributed in vivo than in vitro. This could be a consequence of the shock machine rigidity and the absence of movements on it (rotation, flexion, etc.).
Only few studies reported the presence of wear areas on retrieved alumina-zirconia composites. Clarke et al. [19] analyzed three retrieved heads with detectable main wear zones in which S a ranged between 55 and 140nm and V m reached up to 40%. Lombardi et al. [25] identified stripe wear zones on ZTA heads associated to elevated surface roughness and monoclinic content (S a and V m averaged respectively at 55nm and 33%). Affatato et al. [26] reported wear and typical wear stripe patterns on alumina and ZTA bearings characterized by an increase of the monoclinic content. In fact, most alumina-zirconia composite components are recent and this limits the current follow-up studies. It must be kept in mind that the appearance of the elliptic wear stripe patterns is better documented on alumina femoral head surfaces [21] - [23] . In this study, the worn areas were first carefully defined and separated from the rest of the retrieved head surfaces by optical inspection before performing a detailed surface characterization.
A precise quantification of the local monoclinic content was performed on the five retrieved heads. A constant difference of about 20% was measured between the as-defined worn and unworn zones and the absolute maximum value reached up to 65% ( Figure 14 ). The three femoral heads experimentally submitted to the shock degradation (9000N) also revealed a constant difference between the worn and unworn regions of 30% (the absolute maximum value reached around 60%, Figure 11 and Figure 12 ). The initial V m values depend on the specific composition and manufacturing of each implant. It is thus not practical to compare absolute V m values between in vivo and in vitro components or with the ones reported in the literature. On the other hand, differences of V m between worn and unworn areas seem consistent among measurements on in vitro and in vivo ceramic heads.
The observation of a constant difference between the two types of area on in vitro as well as in vivo components suggests that the mechanical mechanisms enhancing the zirconia phase transformation are well-reproduced experimentally through the tests on the shock device. This implies that high mechanical stresses are locally correctly applied, i.e. only within the wear stripes. Secondly, the quantitative comparison of those two relative differences (20% and 30% for respectively in vivo and in vitro components) confirms that we chose to experimentally study the worst case of shock degradation (9000N). It is worth noting that no fracture has been observed over all the in vitro components tested under those severe conditions.
Conclusion
Through the comparison of in vitro tests and retrieved implants, this study highlights major results relating to the wear mechanisms of hip bearings and the degradation of zirconia toughened alumina components:
1. The wear degradation is characterized by the formation of typical wear stripe patterns, which are reproduced through in vitro tests on the shock device. 2. A new method specifically developed to measure low wear volumes is successfully employed on the spherical shape of femoral heads and reveals in vitro volumetric-wear rates in agreement with the ones reported in the literature.
3. The ZTA material shows little transformation during artificial hydrothermal degradation. Therefore only mechanical stresses applied during shock degradation are at the origin of the monoclinic content increase detected within the wear stripe patterns on in vitro components. 4. Wear regions are precisely defined on retrieved femoral heads and also reveal significant in vivo zirconia phase transformation. This also suggests that the transformation is mainly enhanced by mechanical stresses on wear areas of the hip joint implants. 5. Correlations between the in vivo and in vitro wear degradation indicate that the shock machine is an adequate alternative device to standard hip walking simulators in order to reproduce at best the in vivo environment.
